Plant storage proteins can be classified into two classes; seed storage proteins (SSPs) and vegetative storage proteins (VSPs). SSPs are a set of proteins that accumulate to high levels in seeds during the late stages of seed development, whereas VSPs are proteins that accumulate in vegetative tissues such as leaves, stems and, depending on plant species, tubers. During seed germination, SSPs are degraded and the resulting amino acids are utilized by the developing seedlings as a nutritional source. SSPs are the major proteins in grains and, of the plant proteins, represent those that are the most abundantly consumed by humans. On the other hand, VSPs accumulate in the vegetative tissues when excess resources are available and serve as a temporal reservoir of amino acids for use in subsequent phases of growth and development.
Plant storage proteins can be classified into two classes; seed storage proteins (SSPs) and vegetative storage proteins (VSPs). SSPs are a set of proteins that accumulate to high levels in seeds during the late stages of seed development, whereas VSPs are proteins that accumulate in vegetative tissues such as leaves, stems and, depending on plant species, tubers. During seed germination, SSPs are degraded and the resulting amino acids are utilized by the developing seedlings as a nutritional source. SSPs are the major proteins in grains and, of the plant proteins, represent those that are the most abundantly consumed by humans. On the other hand, VSPs accumulate in the vegetative tissues when excess resources are available and serve as a temporal reservoir of amino acids for use in subsequent phases of growth and development.
SSP genes are classic targets for plant molecular biology. Their abundant expression in seeds allowed for easy detection of the gene transcripts and cDNA cloning during the dawn of plant molecular biology in late 70's to early 80's. Their expression is strictly limited to developing seeds during the mid-to late-stages of embryogenesis, a characteristic that makes them ideal for the study of tissue-and temporal-specific regulation of gene expression.
Studies on the expression of SSP genes has contributed greatly to the development of plant molecular biology. Molecular genetic studies using Arabidopsis have led to a further understanding of expression and accumulation of SSPs and the recent genomic exploration of Arabidopsis has also begun to impact on our understanding of seed maturation processes associated with SSP accumulation.
In this review, we will summarize the studies on the regulation of SSP accumulation in Arabidopsis with reference to other seed-specific genes. The VSPs of Arabidopsis are also described in terms of genomic organization and regulation of gene expression.
Seed storage protein genes of Arabidopsis
The major SSPs of Arabidopsis are comprised of 12S globulins and 2S albumins ( respectively. In addition to this classification, the SSPs of crops also often have specific names. For example, glycinin, glutelin and zein represent specific SSP fractions from soybean, rice and maize, respectively. The Arabidopsis SSPs have also been named after those of Brassica napus. 12S globulin proteins are referred to as cruciferin, whereas the 2S albumins are referred to as either napin or arabin.
Both 12S globulins and 2S albumins are initially synthesized as a precursor and accumulate in protein bodies after processing of the preproteins. The 12S proteins are a member of the legumin-like 11S globulins and accumulate as hexameric complexes consisting of six a and six b polypeptides linked via disulfide bridges. The a and b polypeptides are generated from a single polypeptide-precursor following specific cleavages by processing enzymes. Cysteine residues involved in the crosslinking of the polypeptides and formation of the hexameric complexes have been identified (Inquello et al., 1993) . In contrast, 2S albumin accumulates as a heterodimer consisting of two subunits linked by disulfide bridges. Similar to that for 12S globulin, these subunits are generated by cleavage of a precursor polypeptide (Krebbers et al., 1988) . Synthesis of both 12S and 2S SSPs takes place on the rough ER, followed by sorting into protein bodies.
Similar to that in most other plant species, Arabidopsis SSPs are encoded by a small multi-gene family (Table 1) . Five isoforms of genes encoding 2S albumin, referred to as at2S1 to at2S5, have been reported (Krebbers et al., 1988; van der Klei et al., 1993) . Of these, four of the 2S albumin genes (at2S1 through at2S4) are present as a tandem cluster in the lower half of chromosome 4 (approx 12,575 kbp position). The fifth gene of 2S albumin (At5g54740; van der Klei et al., 1993) is located in the lower region of chromosome 5. Proteins corresponding to all of these genes have been detected, suggesting that all five genes are actively transcribed (van der Klei et al., 1993) . Phylogenetic analysis of the amino acid and nucleotide sequences of 2S albumin genes in Brassicaceae suggests that duplication of the 2S albumin genes occurred prior to the Brassicaceae-Sysimbrieae split followed by concerted evolution (Boutilier et al., 1999) .
Cloning of the 12S globulin genes of Arabidopsis was first reported by Pang et al. (1988) . Three genes encoding 12S globulin are present in the genome of Columbia ecotype. These genes, designated as CRA1, CRB and CRC, are located on chromosome 5, 1 and 4, respectively (Table  1) . The Landsberg erecta genome contains another copy of the 12S globulin gene, CRA2, which is located in tandem with CRA1 (Pang et al., 1988) .
Other than the 12S and 2S proteins, 7S globulin proteins (vicilins) are also among the major SSPs of many plant species. Arabidopsis does not contain detectable 7S storage protein in mature seeds but a vicilin-like gene (At2g18540) is present towards the middle of chromosome 2 in a region covered by the BAC clone T17D12. A search of the Arabidopsis genome database has also revealed two other globulin-like genes, one in the upper region of chromosome 1 (At1g07750, BAC clone F24B9) and the other near the bottom of chromosome 4 (At4g36700, BAC clone AP22). A number of ESTs from siliques or seeds Figure 1 . SSPs of Arabidospsis. Proteins were extracted from mature seeds of wild-type Col-0 strain and subjected to SDS-PAGE. Position of major SSPs, acidic (12S-A) and basic (12S-B) subunits of 12S globulin (cruciferin), and large (L) and small (S) subunits of 2S albumin (napin) are shown. match At1g07750 or At4g36700, suggesting that these genes are expressed in seeds or siliques.
A number of genes encoding proteins other than SSPs are also expressed abundantly during late embryogenesis. These include oleosins and late embryogenesis abundant (LEA) proteins. Oleosins are relatively small hydrophobic proteins (15-25 kD) associated with oil bodies, a cellular organelle for storage of triacylglycerols. They are synthesized specifically in seeds and considered to be important for stability of oil bodies. LEA genes are a set of genes that are expressed in later stages of embryogenesis. LEA genes encode proteins that are highly hydrophilic and are proposed to play a role in the acquisition of desiccation tolerance. The expression of LEA genes is however not always strictly limited to late embryogenesis and many LEA genes are also expressed vegetatively in response to various stresses or in reproductive tissues, such as pollen. Two other genes, ATS1 and ATS3 (Arabidopsis thaliana seed genes), have also been identified in Arabidopsis as seed-specific genes that were isolated through a differential display method (Nuccio and Thomas, 1999) . On the other hand, AtEm1 and AtEm6 are expressed in both late embryogenesis and vegetative tissues in response to exogenous application of abscisic acid (ABA) (Soderman et al., 2000) . Recent progress in genomic studies using Arabidopsis has greatly increased the number of seedspecific genes identified (Girke et al., 2000) .
Expression of seed storage protein genes -cis-acting factors
Similar to other SSP genes, the SSP genes of Arabidopsis are expressed specifically during the mid-to late-stages of seed development. However, the detailed patterns of expression during these developmental stages do differ between the genes.
The at2S1 gene is expressed essentially in the embryo axis, whereas at2S2 and at2S3 genes are highly expressed throughout the embryo (Guerche et al., 1990) . A similar difference in expression levels and patterns has also been observed in corresponding promoter-reporter constructs, suggesting that the expression levels and tissue specificity are transcriptionally regulated (Conceicao et al., 1994) . Studies using hybrid promoter constructs between at2S1 and at2S2 identified a region of the promoters required for 2S albumin expression in palisade parenchyma and specific epidermal cells (Conceicao and Krebbers, 1994) . It was also demonstrated that some of the hybrid promoters exhibited altered temporal regulation (Conceicao and Krebbers, 1994) .
5'-deletion analysis of the at2S1 promoter defined a region required for seed-specific expression (Conceicao and Krebbers, 1994) , although no further analysis of cis-acting elements responsible for seed-specific expression of Arabidopsis SSPs has been reported so far. Detailed promoter analysis has been mostly carried out in legumes and cereals (Shewry et al., 1995; Wohlfarth et al., 1998 for review) . These analyses identified the RY repeat motif (also refered to as the Sph element or legumin box; Baumlein et al., 1992; Chamberland et al., 1992; Fujiwara and Beachy, 1994; Sakata et al., 1997; Bobb et al., 1997) as a key cisacting element for seed-specific gene expression. The RY repeat is a highly conserved cis-acting element acting as both an enhancer for seed-specific gene expression and a repressor of expression in vegetative tissue. A sequence corresponding to the RY repeat motif or a sequence related to it is also present in promoter regions of Arabidopsis SSP genes (Conceicao and Krebbers, 1994) .
Analysis of cis-acting elements of the Arabidopsis oleosin promoter in transgenic B. napus revealed DNA fragments involved in seed-specific gene expression (Plant et al., 1994) . Sequences present between -2500 bp and -1100 bp of the promoter were shown to be involved in modulating the levels of gene expression during the early stages of embryo development, whereas the -400 bp to -200 bp region contained sequences involved in osmotic induction. Similar promoter deletion analyses have also been reported for other Arabidopsis genes expressing in the seed, including LEA genes (Hull et al., 1996) .
Regulation of seed storage protein gene expression -trans-acting factors
Genetic studies have been essential in elucidating the molecular mechanisms underlying regulation of SSP gene expression. Mutations causing reductions in SSP levels are powerful tools in the effort to understand the network of transcriptional regulation of SSP genes. There are two known examples demonstrating an interaction between a cis-acting element and its trans-acting factor in the regulation of SSP gene expression in Arabidopsis. These are the RY repeat/B3 domain proteins (ABI3 and FUS3) and the ABA-responsive element (ABRE)/bZIP protein (ABI5). Other loci affecting the expression of SSP genes appear to act either via another cis element(s) controlling SSP gene expression or indirectly by modulating "direct" trans-acting factors.
The abi3 (abscisic acid-insensitive3), fus3 (fusca3), and lec1 (leafy cotyledon1) mutants produce seeds that are intolerant to desiccation (Nambara et al., 1992; Keith et al., 1994; Meinke et al., 1994; West et al., 1994) . When these mutant seeds are harvested and sown on medium prior to desiccation they show normal growth, although desiccation intolerant seeds are still produced in the next generation. Accumulation of SSPs and LEA proteins is severely reduced in these mutants (Nambara et al., 1992; Vicient et al., 2000) and the profile of the global pattern of gene expression is also altered during mid-to late-embryogenesis. During these stages, SSP and LEA genes are downregulated and genes normally expressed during or after germination are precociously activated (Nambara et al., 2000; Parcy et al., 1994 Parcy et al., , 1997 West et al., 1994) . Therefore, ABI3, FUS3, and LEC1 appear to act as important regulatory components of mid-to late-stages of embryogenesis. Another class of mutants also exists that exhibit altered expression of LEA genes, although they can produce desiccation tolerant seeds. The abi4 (abscisic acid-insensitive4) and abi5 (abscisic acid-insensitive5) mutants are defective in gene expression of a subset of LEA genes during late-embryogenesis (Finkelstein, 1994) . Although the monogenic mutants of these genes exhibit little or no phenotype in SSP gene expression, other data suggests ABI4 and ABI5 are involved in regulation of SSP gene expression. The ABI3, FUS3, LEC1 and ABI4 transacting factors are discussed individually below with respect to their role in regulation of seed storage proteins.
The ABI3 gene encodes a transcription factor, which is an ortholog of the maize VP1 gene (Giraudat et al., 1992) . The phenotype of maize vp1 mutants is quite similar to that of abi3 mutants that produce desiccation intolerant ABAinsensitive seeds (McCarty et al., 1991) . ABI3/VP1 orthologs from both monocots and dicots contain 4 conserved domains (A, B1, B2, and B3; Figure 2 ). The B3 domain of VP1 is able to bind specifically to the Sph element that contains a RY repeat in vitro (Suzuki et al., 1997) and it has been established that the RY repeat is required for transcriptional activation by ABI3 (Reidt et al., 2000) . On the other hand, involvement of the B2 domain of ABI3 in regulation of At2S2, AtEm1, and AtEm6 gene expression is suggested (Bies-Etheve et al., 1999) . Furthermore, ABI3 appears to act in concert with other transcription factors. Transcription factors interacting with ABI3 have been identified and are suggested to be a component of the transcriptional regulatory network for embryo development in Arabidopsis (Kurup et al., 2000) .
The ABI3 gene is expressed abundantly during embryogenesis, which ceases after germination (Parcy et al., 1994) . Recent reports have demonstrated that it is also expressed in dormant tissue, thus suggesting another function of ABI3 in tissues other than seeds (Rohde et al., 2000, for review) . Transgenic Arabidopsis carrying a CaMV Figure 2 . Domains of the ABI3/VP1 proteins. ABI3 and VP1 contain 4 conserved domains, designated as A, B1, B2 and B3. The N-terminal domain A is rich in acidic residues. One of the basic domains, B1, is necessary for physical interaction with bZIP transcription factors such as ABI5. The B2 domain contains a putative nuclear localization signal and is also suggested to function in other transcriptional regulation. The B3 domain is the DNA-binding domain that is highly conserved. The structure of FUS3 is a truncated version of ABI3/VP1. This contains only the B3 domain and an incomplete B2 domain.
35S promoter (35S):ABI3 construct expresses some of the SSP genes ectopically in response to exogenous ABA, demonstrating that ABI3 is one of the essential elements for seed-specific gene expression (Parcy et al., 1994) .
The FUS3 gene encodes a B3 domain-containing transcription factor that lacks the N-terminal sequence, a conserved sequence in other orthologs of ABI3/VP1 (Luerssen et al., 1998) (Figure 2 ). The RY repeat has also been shown to be under the regulation of FUS3-mediated transcriptional activation (Wohlfarth et al., 1998, for review) and it was recently demonstrated that the RY repeat is the direct target of the B3 domain of FUS3 (Reidt et al., 2000) . Recently it was demonstrated that the LEC2 gene, whose mutant shows similar phenotype as does the fus3 mutant but shows partial intolerance to desiccation, also encodes a B3 domain-containing protein (Stone et al. 2001) . Other transcription factors containing the highly conserved B3 domain of VP1/ABI3/FUS3, designated as RAV1 and RAV2, are reported (Kagaya et al., 1999) .
Although ABI3 and FUS3 act as transcriptional regulators cooperatively via the RY repeat, they also function independently to control SSP gene expression. This suggests that other domains are also important in defining their distinct functions. One of the important differences between ABI3 and FUS3 is the distinct role in the ABA response in seeds. The rice bZIP transcription factor TRAB1 that binds to ABRE interacts with the N-terminal region of OsVP1, a rice VP1 ortholog, in an ABA-dependent manner (Hobo et al., 1999) . Interestingly, the Arabidopsis ABI5 gene encodes a bZIP transcription factor that is similar to Rice TRAB1 (Finkelstein and Lynch, 2000) and it also appears to bind to ABRE in vitro (LopezMolina et al., 2001) . The N-terminal region of ABI3 (A and B1 domains), which is missing in FUS3, appears to be important for ABA-induced transcriptional activation by ABI3 (Reidt et al., 2000) . Furthermore, ABI5 is required for the activation of SSP genes in vegetative tissues by 35S:ABI3 (Soderman et al., 2000) . Recently Nakamura et al. (2001) reported that the B1 domain of ABI3 is necessary for interaction with ABI5 in a yeast two-hybrid assay.
The LEC1 gene is expressed in a seed-specific manner and encodes a putative transcription factor that is a homolog of the subunit of CAAT box-binding factor (Lotan et al., 1998) , although the target DNA sequence of LEC1 is yet to be identified. Similar to that for the fus3 mutant, trichomes are present on leaf cotyledons of the lec1 mutant, suggesting a transformation of cell-type specificity ( Figure  3 ). Ectopic expression of the LEC1 gene results in growth arrest after germination and occasionally produces embryo-like structures expressing SSP genes in these organs. This indicates that expression of the LEC1 gene is sufficient to initiate embryo development (Lotan et al., 1998) . Interestingly, At2S1 and oleosin genes are ectopically expressed in roots of the pickle (pkl) mutant, which misexpresses the LEC1 gene in these tissues (Ogas et al., 1997 (Ogas et al., , 1999 . The PKL gene encodes a chromatin-remodelling factor (Ogas et al., 1999) , suggesting that PKL-mediated repression of the LEC1 gene is important to repress seed-specific gene expression in non-embryonic tissues.
Expression of 2S albumin genes is also dependent on genome organization. As mentioned above, four genes encoding 2S albumin are clustered within the Arabidopsis genome. Stable introduction of a transgene carrying a tandem repeat of 2S albumin genes into Arabidopsis resulted in unexpectedly high expression levels of the construct (Conceicao et al., 1994) , suggesting an importance of gene organization in regulation of the 2S albumin genes. Chromatin structure has also been shown to be involved in seed-specific expression of the phaseolin gene in French bean (Li et al., 2001 , for review). In vivo footprinting experiments of the phaseolin gene promoter revealed that nucleosome positioning is altered in seed to allow access of transcriptional regulators. The transcription factor PvALF, a French bean ortholog of ABI3/VP1, is intrinsically involved in nucleosome positioning, as are other non-histone proteins and ABA.
The ABI4 gene encodes a transcription factor containing an AP2-domain, a conserved DNA-binding domain in plants (Finkelstein et al., 1998) . The target sequence of ABI4 remains unidentified, although the structure of the DNA binding domain is similar to that of ethylene responsive element binding protein or the cold-responsive element binding protein, CBP1. Expression of the ABI4 gene is abundant during embryogenesis, and it is also weakly expressed in vegetative tissues. Some of the genes encoding LEA proteins (AtEm1, AtEm6, and PAP140) have also been found to be downregulated in abi4 mutant seeds (Finkelstein et al., 1998) . Although loss-of-function of the ABI4 gene does not significantly affect the expression of 12S globulin nor 2S albumin genes, transgenic plants car- rying the 35S:ABI4 construct are able to ectopically express the SSP genes including At2S3 and CRC genes in response to exogenous ABA.
Genomic studies on seed-specific gene regulation
As part of a study on lipid metabolism in seeds, microarrays containing approximately 5,000 seed-expressed Arabidopsis genes were used to further understand seedspecific gene expression. Comparison with probes derived from seeds, leaves and roots revealed that approximately 10% of the genes were expressed at ratios greater than or equal to 10-fold higher in seeds than in leaves or roots. Included in this list are a large number of proteins of unknown function, and potential regulatory factors such as protein kinases, phosphatases and transcription factors (Ohlrogge et al., 2000) . These factors may be involved in seed-specific regulation of gene expression. In another study using micro-arrays containing approximately 2,600 seed-expressed genes, approximately 25% of the genes were expressed at ratios greater than or equal to 2-fold higher in seeds than leaves or roots and 10% at ratios greater than or equal to 10 (Girke et al., 2000).
Effect of phloem transport and nutritional conditions on seed storage protein accumulation
Synthesis of SSPs depends on sugars and amino acids translocated from source leaves via the phloem. The accumulation of SSPs is therefore influenced by plant metabolic status and nutritional conditions. Expression of a soybean SSP was affected by sucrose supply (Bray and Beachy, 1985) and a potato tuber storage protein, patatin, has also been shown to respond to sucrose (Martin et al., 1997) . Similarly, sugar transport to seed is likely to affect expression of SSP gene expression in Arabidopsis, although no direct evidence supporting this hypothesis has been reported. Recent analysis on sugar-induced signal transduction revealed an involvement of hexokinase, SNF1 kinase, and regulatory PRL1 protein (Smeekens, 2000 , for review).
As described above, the Arabidopsis abi3 mutation affects SSP gene expression. In addition to this direct effect on SSPs, plants carrying the abi3 mutation also partitioned more resources into seed development than the wild type. These extra resources were available as a result of delayed senescence of the cauline leaves in the mutant. The change in distribution of photosynthate was confirmed by tracer analysis (Robinson and Hill, 1999) .
Lipid metabolism is also important for expression of a class of SSPs. Transcription of the gene for oleosin during seed development was delayed and reduced in an Arabidopsis mutant carrying a lesion affecting diacylglycerol acyltransferase, without a reduction in the level of oleosin protein in seeds, suggesting the presence of a coordinated regulation of lipid biosynthesis-regulated gene expression (Zou et al., 1996) . Expression of oleosin was also affected both in terms of timing and levels by other mutations affecting seed development such as fus3 (Kirik et al., 1996) .
Amino acids play another critical role in the accumulation of SSPs. The broad specificity H + -amino acid cotransporter AAP1 is expressed in the endosperm and the cotyledons, whereas the similar transporter AAP2 is expressed in vascular strands of siliques and in funiculi. These transporters are implicated to be involved in longdistance transport of amino acids to seeds (Hirner et al., 1998) . In addition, transgenic Arabidopsis plants overexpressing sense or antisense genes for a peptide transport gene, AtPTR2-B have been described. All four antisense lines and one sense line exhibited significant phenotypic changes, including late flowering and arrested seed development, suggesting a role of AtPTR2-B in nitrogen nutrition delivery to seeds (Song et al., 1997) .
Sulfur nutrition has also been shown to affect SSP accumulation. In general, SSPs with a high content of sulfurcontaining amino acids accumulate to a lower level under conditions of limited sulfur supply and, conversely, accumulation of SSPs with low contents of sulfur-containing amino acids are increased (Fujiwara et al., 1992) . The SSPs of Arabidopsis have relatively high contents of sulfur-containing amino acids and the accumulation of 2S and 12S proteins under sulfur deficiency seem to be somewhat downregulated (Naito et al., 1994a) . The b conglycinin SSP of soybean is a well studied example of SSPs responding to nutritional conditions. Under a limited supply of sulfur, accumulation of the b subunit of b-conglycinin is elevated and that of glycinin, another major SSP, is downregulated (Gayler and Sykes, 1985) . Application of Met, on the other hand, results in an increase in the accumulation of glycinin and reduces or suppresses accumulation of the b subunit (Holowach et al., 1984) . Transgenic Arabidopsis have been used effectively to examine the mechanisms of sulfur-regulated expression of soybean SSPs. Similar to that in soybean, expression of the b subunit gene of b-conglycinin is upregulated by sulfur deficiency (Hirai et al., 1995) and downregulated by Met application (Hirai et al., 1994) or mto1 mutations (Naito et al., 1994b; Naito et al., 1995, for review) causing an overaccumulation of soluble Met (Inaba et al., 1994; Chiba et al., 1999) in transgenic Arabidopsis. The gene promoter of the b subunit of b-conglycinin has been shown to be responsible for this regulation. Regulation of the b subunit promoter by the mto1 mutation is maternally controlled, i.e., expression of the b-subunit promoter is determined by the genotype of the female parent whereas the genotype of the male parent has little or no effect on the expression (Naito et al., 1994b) . These findings suggest that Met, or one of its metabolites, transported from the maternal tissues affects SSP gene expression.
Expression of the b-subunit promoter in transgenic Arabidopsis was not only regulated according to sulfur nutrition, but also according to nitrogen nutrition (Kim et al., 1999) . Sulfur and nitrogen assimilation pathways merge at the step of cysteine biosynthesis and a precursor for cysteine biosynthesis, O-acetyl-L-serine (OAS), has been shown to be accumulated depending on sulfur and nitrogen availability (Kim et al., 1999) . Sulfur deficiency results in an increase in the accumulation of OAS, whereas nitrogen deficiency decreases OAS accumulation. This pattern was similar to that for the b-subunit gene regulation (Kim et al., 1999) . Moreover, exogenous application of OAS in the presence of high sulfate in the media induced accumulation of the b subunit in cultured soybean cotyledons (Kim et al., 1999) . These findings suggest that OAS acts as a key metabolite controlling the expression of SSP genes in response to sulfur and nitrogen availability in the environment. It is also intriguing that OAS contents were increased by ABA application in immature soybean cotyledons (Kim et al., 1997) . ABA application to immature soybean cotyledon induces a similar response to that of sulfur deficiency, i.e., an increase in b subunit accumulation and a decrease in glycinin accumulation (Figure 4) , suggesting a possible involvement of OAS in the ABA response.
Degradation during germination
Degradation of SSPs has been studied in legumes and cereals but there are little reports on similar studies in Arabidopsis. Proteases involved in SSP degradation include cysteine proteinase B (EPB) of barley (Mikkonen et al., 1996) and REP-1 of rice (Kato et al., 1999) . Expression of the gene encoding EPB is regulated by both ABA and gibberellic acid, and cis-and trans-acting factors involved in this regulation have been described (Cercos et al., 1999) .
Biotechnology
Seed storage proteins are the major source of plant proteins in the human diet. SSPs, however, do not necessarily have ideal compositions of essential amino acids for human needs. SSPs of legumes in general have limited contents of Met, whereas cereal SSPs do not contain sufficient amounts of other essential amino acids such as Lys, Trp and Tyr. One of the major goals for improvement of SSPs is to improve amino acid compositions. Given such a background, the alteration of SSP composition has been a major focus for biotechnology. Due to the fact that they are Met-rich proteins, 2S proteins have been expressed in transgenic plants to increase Met contents in seeds with moderate success (Altenbach et al., 1989) .
Alteration of SSP composition has been reported in some crops including soybean (Kinney et al., 2001 ) and rice (Katsube et al., 1999) . SSP gene promoters have also been used to drive expression of nutritionally useful genes including ferritin (Goto et al., 1999) . As a model plant species, Arabidopsis has contributed in this field. It was demonstrated that antisense expression of 2S albumin gene in transgenic Arabidopsis carrying the Phaseolus vulgaris arcelin (arc) 5-I gene resulted in reduced accumulation of 2S albumin and an increase in accumulation of Arc5 proteins (Goossens et al., 1999) . This was likely due to a diverging of resources for SSP synthesis to the foreign protein.
Vegetative storage proteins
VSPs were first described in leaves of depodded soybean plants (Wittenbach, 1982) and accumulated in soybean leaves to approximately 50% of the soluble proteins in sink-deprived plants (Wittenbach, 1983) . Soybean has two types of VSPs, VSPa and VSPb (Staswick, 1988) . Both VSPs are glycoproteins and share a high degree of sequence identity (about 80%) with a molecular mass of 27 kD and 29 kD, respectively, and carry phosphatase activity. These proteins are expressed in young seedlings, elongating hypocotyls, young leaves, stems, flowers and pods (Staswick, 1988) . VSPs have also been described in a variety of other tissues, such as the tubers of potato and sweet potato (Wiltshire and Cobb, 1996 , for review) and the bark of poplar (Lawrence et al., 1997; Zhu and Coleman 2001) . These storage proteins accumulate in such tissues when excess photosynthates are produced.
Two genes have been described in Arabidopsis that are homologous to soybean VSPs (Berger et al., 1995; Utsugi et al., 1998) . These genes are expressed in various tissues including the shoots, petioles, peduncles and siliques (Utsugi, 1998) . It is yet to be clearly demonstrated if these homologous genes are expressed under high carbon and nitrogen conditions, however, it has been demonstrated that expression of the genes encoding Arabidopsis VSPs is regulated by jasmonic acid (JA) (Benedetti et al., 1995) , similar to that of soybean VSPs. VSPs are also induced by wounding and phosphate starvation (Berger et al., 1995) . Using JA-regulated expression of VSP1 promoter as a marker, the Arabidopsis mutant cev1 was identified in a study on the regulation of gene expression by JA (Ellis and Turner, 2001) . Expression of VSP1 and VSP2 that code for Arabidopsis VSPs was enhanced in the cev1 (constitutive expression of VSP1) mutant and it was suggested that CEV1 functions in the early steps of the JA pathway and requires COI1 (coronatine insensitive 1, a F-box protein required for JA response) and ETR1 (ethylene response 1, a putative ethylene receptor) for its function (Ellis and Figure 4 . Effect of ABA application on accumulation of soybean seed storage proteins. A, Immature soybean cotyledons (about 20 mg in fresh weight) were cultured for six days in vitro in control (1.5 mM sulfate) or sulfur deficient (0.03 mM sulfate) medium. Proteins were extracted and subjected to SDS-PAGE analysis. Position of major seed storage proteins, a, a' and b subunits of 7S globulin (b-conglycinin), and acidic (11S-A) and basic (11S-B) subunits of 11S globulin (glycinin) are shown. Accumulation of the b subunit was increased, whereas those of glycinins are reduced. B and C, OAS or ABA was added to the control medium at concentrations shown in the figure. Accumulation of the b subunit was increased by OAS or ABA application, whereas glycinin accumulation was reduced.
Turner, 2001). Expression of VSP1 was also affected by the sos (salt overly sensitive) mutations (Gong et al., 2001) .
Conclusions
In this review we have attempted to provide a summary of both the early and current work on storage proteins. Research using agricultural crop species such as legumes and cereals has provided us with a wealth of information on the composition and characteristics of storage proteins, however genetic analyses on the regulation of the genes encoding storage proteins has proven difficult in these species. As we have shown above, such studies now being carried out using Arabidopsis as a model are expected to further our understanding of the mechanisms behind storage protein accumulation at the genetic level. 
